Abstract Vermamoeba vermiformis is associated with the biofilm ecology of dental-unit waterlines (DUWLs). This study investigated whether V. vermiformis is able to act as a vector for potentially pathogenic bacteria and so aid their dispersal within DUWL systems. Clinical dental water was initially examined for Legionella species by inoculating it onto Legionella selective-medium plates. The molecular identity/profile of the glassy colonies obtained indicated none of these isolates were Legionella species. During this work bacterial colonies were identified as a non-pigmented Serratia marcescens. As the water was from a clinical DUWL which had been treated with Alpron TM , this prompted the question as to whether S. marcescens had developed resistance to the biocide. Exposure to Alpron TM indicated that this dental biocide was effective, under laboratory conditions, against S. marcescens at up to 1 9 10 8 colony forming units/millilitre (cfu/ml). V. vermiformis was cultured for 8 weeks on cells of S. marcescens and Escherichia coli. Subsequent electron microscopy showed that V. vermiformis grew equally well on S. marcescens and E. coli (P = 0.0001). Failure to detect the presence of S. marcescens within the encysted amoebae suggests that V. vermiformis is unlikely to act as a vector supporting the growth of this newly isolated, nosocomial bacterium.
Introduction
Dental-unit waterlines (DUWLs) consist of fine narrow bore tubing that extends to approximately 6 m in length [9] . The DUWL is an essential component of the modern day dental treatment unit that supplies water to cool the dental drill-tip and avoids causing heat-related damage to the soft, pulpal nerve tissues of healthy teeth [25, 49, 52] . It has long been recognised that the DUWL readily harbours a microbial biofilm [11, 30] and that the discharged water can contain very high planktonic bacterial and protozoan loads, which could lead to the exposure of patients and health care workers to an increased risk of infection [27] . The Centers for Disease Control and Prevention (CDC) in the USA, made recommendations to the manufacturers of the dental units that they should have a separate reservoir, typically a container of about a litre, attached to the dental unit from which tap water, deionised water and/or distilled water can be fed to the drill to cool it. Such external reservoirs are also better suited for the introduction of biocides. This measure has been introduced by the CDC in dentistry for delivery of safe treatment water [23] , although there are working dental units that are fed directly from municipal water. Where biocides are used to control the contamination levels of the DUWL output water, their use is questioned for a number of reasons; it is considered that as a result of their activity, biocides may encourage biofilm formation, introduce bacterial resistance and, furthermore, are limited in their ability to control the diverse range of microbes associated with the DUWL heterogeneous biofilm community [14, 15] .
It has now become apparent that there is a problem, common to all forms of man-made tubing, which attracts microbes from the water that flows through them and this is the phenomenon of biofilm formation. Even a newly commissioned DUWL with antimicrobial coating on its internal surfaces, which is maintained according to the recommended daily decontamination protocols [12, 13] , will rapidly develop a microbial biofilm which is then sustained throughout the entire life of this clinical device. Health care providers accept that bacteria will always persist in the dental treatment water, but the emphasis now lies on reducing the microbial loading of the discharged water to meet the CDC recommend level of B500 colony forming units (cfu) of aerobic mesophilic heterotrophic bacteria/millilitre, for infection control in dental health care system [23] . Although the American Dental Association (ADA) has set its own heterotrophic bacterial load of B200 cfu/ml for water delivered from DUWLs [2], ADA also endorses the CDC recommendation that patient treatment water should be the same quality as the Environmental Protection Agency (EPA) standard of B500 cfu/ml [2, 23] . The recommended standards for dentistry set by the Department of Health, in the UK, are of B200 cfu/ml [1, 3, 23] . These reports highlight a risk to patients and stress the importance of maintaining and delivering clean water during dental treatment,; hence, it is important to assess the risk factor of microbial propagation by amoebae.
A variety of human pathogenic bacteria including Legionella have been isolated from DUWLs, by various researchers [5, 37, 43, 51, 59] . Furthermore, non-tuberculosis Mycobacterium species [42, 48] , Klebsiella pneumoniae [38, 58] , P. aeruginosa [17, 27] and S. marcescens [31, 45, 58] have also been identified. Despite tight controls to make sure the treatment water is safe, an elderly patient died from legionellosis following dental treatment in which L. pneumophila serogroup I was identified using molecular profiling from isolates taken both from the patient and from the clinical environment of the dental practice where treatment was performed, confirming the source of infection [44] . Circumstantial evidence also surrounds the death of a dental practitioner due to the same cause in the early nineties [5] . A report by Oppenheim et al. [36] describes a near-miss of a clinical infection on a larger scale with L. pneumophila exposure from aerosols generated from dental drills within a teaching institute.
Although the majority of waterborne bacteria pose no risk of infection, guarding against the risk to health of opportunistic nosocomial pathogens, including Legionella, non-tuberculosis Mycobacterium species, K. pneumoniae, P. aeruginosa and S. marcescens, to an ever growing list of people with immunocompromised status remains a cause for concern.
Amoebae feed on mixed communities of bacteria within biofilms, including pathogenic bacteria such as species of Legionella, Mycobacterium, P. aeruginosa, Vibrio cholerae and Helicobacter pylori [6, 12, 13, 46, 47, 60] . Once inside the amoebal cell, some bacteria will survive or escape the adverse conditions presented by digestive vacuoles, but can also find sanctuary from unfavourable environmental conditions and can multiply [26] . Furthermore, bacteria such as S. aureus may be ingested, but released undigested and intact [40] . This implies that amoebae can transport certain species of nosocomial bacteria within their ecological niches [57] .
Free living amoebae, Legionella, Mycobacterium and yeast species, found to reside within DUWLs are sourced from the tap water shared by domestic users and the healthcare providers alike [10, 26] . In the context of healthcare, the greatest challenge to overcome is when pathogenic nosocomial bacteria use free living amoebae to support their growth [7, 8, 32, 38, 44] . Lawsuits can be brought against the dental practitioner if causal links are confirmed between an infection and the use of dental treatment water [8] .
Serratia marcescens is known to be a nosocomial pathogen which can acquire antimicrobial resistance [28] . This bacterium can cause a variety of infections in the susceptible host including septicaemia, meningitis, endocarditis and blindness [18, 21, 53] . Previous work from our laboratory on grazing habits of V. vermiformis [15] indicated that small-sized bacteria were favoured as a food source. The small size of S. marcescens makes it an ideal target for protozoa to graze on. Furthermore, it is known that protozoa can support bacterial growth in aquatic ecosystems and a prior study by Cateau et al. [12] implied that P. aeruginosa can be propagated through V. vermiformis and this could also be true for S. marcescens.
This study therefore tested the hypothesis that by grazing on P. aeruginosa, and other potential human pathogens V. vermiformis, (CCAP 1534/16) could promote the growth of these bacteria within the DUWL aquatic ecosystem. Thus, highlighting the risk factor associated with pathogenic bacteria commonly found in DUWL systems grazing alongside other free living amoebae.
Materials and Methods

Sample Collection
The proposed study was a service evaluation. Approval from the relevant NHS authorities concerning research governance (R & D North West) was obtained (proposal No 310), and general dental practices in the North West of UK were, subsequently, approached and asked for their willingness to participate in the study. In all, 31 practices consented and all of them conformed to a biocide water treatment recommended by the manufacturer of their dental chairs. The consenting practices were visited on mutually agreed days between 10.00 am and 12.00 pm, and DUWL water (100 ml) from the air/water syringe was sampled. A number code was assigned to each sample from which output water was taken (DUWL 1 to 31) for traceability. Samples were transported in a cool box at 4°C to the laboratory at the Biomedical Research Facility, at our academic institute for further analysis.
Isolation of Bacteria from Clinical DUWL Water Including Testing for Legionella Species
In addition to performing conventional viable cell counts of aerobic mesophilic bacteria on R2A agar plates, three (100 ll) replicate samples of the water were also inoculated onto commercially prepared GVPC medium (Glycine-Vancomycin-Polymyxin-Cycloheximide) plates (Fisher Scientific) to test for the presence of Legionella spp. The GVPC plates were incubated at 30°C in a humid environment for up to 7 days.
Maintenance of Newly Isolated Individual Bacterial Colonies
Discrete bacterial glassy colonies growing on GVPC plates (suggestive of possible Legionella species), designated DUWL 9, 10 and 21, were picked and sub-cultured onto fresh GVPC medium and incubated at 30°C as described previously. Following incubation, colonies were tested for their Gram reaction and molecular identity. Subsequently, they were inoculated onto R2A medium and nutrient agar at temperatures between 15 and 37°C, for maintenance and to assess the incidence of pigmentation.
Molecular Identification of Bacterial Colonies
Following sub-culture, some colonies grew well under laboratory conditions on GVPC plates. Genomic DNA was isolated from 10 different colonies from each of the three DUWLs chosen for likely Legionella species of bacteria (DUWL 9, 10 and 21) and analysed for molecular identity using the method described previously by Dillon et al. [15] .
The Effect of a Dental Biocide on S. marcescens Isolated from Clinical DUWL 9 Output Water
The efficacy of Alpron TM was tested on pure laboratory cultures of S. marcescens, (the bacterium isolated from DUWL 9) together with cultures of P. aeruginosa (NCTC 10662) as control organisms.
Culture Maintenance
Escherichia coli (XL blue), P. aeruginosa (NCTC 10662) and S. marcescens from DUWL 9 were maintained by aseptically transferring cultures onto R2A plates and were incubated at 30°C for 2 days.
Bacterial Liquid Cultures
The antimicrobial testing was undertaken using 18 h culture in nutrient broth at 30°C in a shaker set at 200 rpm.
Dilution Profiles/Regimes
The log-phase bacterial cultures were centrifuged using a Sigma 3-16PK bench top centrifuge at 40009g for 20 min at 4°C (Sigma-Aldrich Ltd., Dorset, UK). The resulting pellets were washed and re-suspended three times in 10 ml of sterile Ringer's solution made from 1/4 strength Ringer's solution tablets (Lab M Ltd., Bury, UK) and the final suspension was held on ice until needed.
Assessment of Resistance to Alpron
TM Dental Biocide A 1 in 10 dilution of commercial Alpron TM is recommended by the manufacturer as the daily working dilution for use within the device/system. The active ingredients in Alpron TM are sodium hypochlorite and a mixture of citric acid anhydrite with non-ionogenic tensides and dye.
The dilution in this study was prepared within 1/4 strength Ringer's solution (Lab M Ltd., UK) containing 100 ll of each bacterial suspension (final concentration of bacteria at 1 9 10 8 cfu/ml) for laboratory use. The controls consisted of 100 ll of bacterial suspension added to Ringer's solution (900 ll). After approximately 12 h contact time with the biocide at room temperature, each suspension was serially diluted and inoculated on R2A agar plates using the Miles and Misra [33] method. The plates were incubated at 30°C for up to 7 days and examined after 24 h, 2 days and 7 days using a colony counter.
Phase-Contrast and Differential Interference Contrast Microscopy
Vermamoeba vermiformis (CCAP 1534/16) isolated and maintained in the laboratory as described by Dillon et al. [14] were placed onto a glass slide containing sterile isotonic saline solution and examined directly under a Zeiss Axio Imager A2 microscope. Images were taken using a Zeiss AxioCam HRc digital camera. For the image acquisition, phase-contrast and differential interference contrast microscopy methods were employed.
Maintenance of V. vermiformis
At the start of the experiment V. vermiformis was maintained on E. coli following the procedure described previously [14] .
Preparation of Fresh, Live Bacterial Feed
Strains of E. coli, P. aeruginosa and the newly isolated S. marcescens from DUWL 9 were maintained on R2A plates at 30°C for 3 days. On the 3rd day, each bacterium was taken and placed as food lines onto R2A plates to feed V. vermiformis at 22°C for 7 days as described previously [14] .
Vermamoeba vermiformis Feeding on E. coli, P. aeruginosa, and S. marcescens
The density of cells growing on a 1 cm 2 plug of agar was calculated by detaching amoebae and suspending them in 2 ml of 19 PBS. A 10-ll aliquot was taken and used to count cells. This was carried out using a standard cell counter (haemocytometer) [15] . Plugs of agar with equivalent numbers of V. vermiformis on their respective bacterial feeds were taken weekly for up to 8 weeks. This procedure was carried out in triplicates. The plates were incubated at 22°C for 5 days. Following incubation, the plates were examined for growth and the area onto which amoeba had migrated over the R2A agar plates was measured to calculate the total number of cells/unit area as described previously [15] .
Transmission Electron Microscopy (TEM)
Specimen Preparation
In order to establish whether V. vermiformis was a carrier for P. aeruginosa and the newly isolated S. marcescens from DUWLs 9, three plates with amoebae grown on their respective feed (P. aeruginosa or S. marcescens) were incubated at 22°C for 5 days. Amoebae were subsequently transferred from the plate by gentle re-suspension in a small volume of neutral pH phosphate-buffered saline (PBS). The cells were collected into a Falcon TM 15-ml conical centrifuge tube (BD Biosciences) and pelleted by centrifugation at 1500 rpm for 30 min with further washings in between in PBS prior to fixation in neutral buffered glutaraldehyde (2.5%) for 3 h at 4°C. Following fixation, the pellets were processed for embedding in Araldite as described previously [15] .
Sectioning, Examination and Image Capture
Thin sections of each specimen were cut using glass knives at 80-100 nm thickness using the Leica Ultracut E microtome and examined under an electron microscope as described elsewhere [15] .
Statistical Analysis
Where appropriate, data are presented as the mean ± SD (N = 3), tested for normality and equal variances, and analysed by one-way ANOVA (Minitab 16 statistical software and the IBM SPSS statistics 20). Differences were considered significant at P B 0.05.
Results
Phase-Contrast and Differential Interference Contrast Microscopy
The V. vermiformis (CCAP 1534/16) under phase-contrast and differential interference contrast microscopy demonstrated their limax (trophozoite) morphology and round cysts (Fig. 1 ).
Molecular Identification of Bacteria from GVPC Plates
Molecular sequencing of the 16S rDNA gene and subsequent Nucleotide BLAST search (ebi.ac.uk) identified the newly isolated bacterium from DUWL 9 as a non-pigmented Serratia marcescens, Phyllobacterium myrsinacearum from DUWL 10 and Mycobacterium llatzerense from DUWL 21; all with sequence similarities of 98-100% Fig. 1 Phase-contrast image of Vermamoeba vermiformis. Small newly emerging trophozoite and smooth spherical cysts encompassing [200 bases [15] . S. marcescens gave a 98% nucleotide similarity, whilst P. myrsinacearum gave 100% and Mycobacterium llatzerense gave 99% nucleotide similarity. No Legionella species were identified from any of the colonies using molecular identification.
Longer Term Maintenance of the Newly Isolated Bacterium from DUWL 9
Pure cultures of S. marcescens from DUWL 9 were maintained on R2A and Nutrient agar. This bacterium produced white-coloured colonies on both R2A and Nutrient agar medium at all temperatures tested when subcultured from GVPC medium. No pigmented colonies were observed. A unique identification code (UL 234 14) has been assigned to S. marcescens and freeze-dried stocks are stored at 4°C at our academic institute.
The Effect of Alpron TM on S. marcescens from Clinical DUWL Output Water Pure cultures of S. marcescens and the accompanying P. aeruginosa at 1 9 10 8 cfu/ml showed that these bacteria were killed by Alpron TM at the manufacturers' recommended treatment levels as there was no recovery after 7 days of incubation under laboratory conditions (P = 0.0001).
Growth Statistics for V. vermiformis
As anticipated, V. vermiformis grew well on all freshly prepared, live bacterial feeds: E. coli (P = 0.0001), S. marcescens (P = 0.0001), P. aeruginosa (P = 0.0001) using one-way ANOVA.
Transmission Electron Microscopy (TEM) vermiformis Grown on Pure Freshly Grown Live Bacteria
To determine whether V. vermiformis supported growth of the Gram negative S. marcescens (from DUWL 9, Fig. 2a ) and two laboratory strains E. coli (XL blue, Fig. 2b ) and P. aeruginosa (Fig. 2c) , samples of V. vermiformis cells were examined for internalised bacterial cells within the cytoplasm and/or within their encysted form, using high-resolution electron microscopy. Neither the trophozoidal amoebae nor their encysted forms produced metabolically active bacterial cells within their cell bodies with the exception of the occasional V. vermiformis cell that fed on P. aeruginosa (Fig. 2c, box) .
Discussion
Water supports all forms of life within complex biomes in which the established biofilm microbes vary considerably, in number and range. The physiological condition of the planktonic consortium is also constantly changing within the biofilm. Many bacteria possess a variety of virulence factors which, upon entry to a human host, can challenge the health of that individual. Those most at risk of infection are patients and practitioners with immunocompromised status such as the elderly, HIV patients, smokers, alcohol/drug addicts, diabetics and sufferers of chronic lung diseases, heart disease and renal disease. This study set out to characterise a risk factor associated with pathogenic bacteria commonly found in DUWL systems alongside free living amoebae that graze on these bacteria. In some instances, ingested pathogenic bacteria manipulate the amoebal host for their own survival and multiplication, potentially leading to the death of their infected human host [44] . Lawsuits can be brought against the dental practitioner if causal links between an infection and the dental treatment water are confirmed [8] . Thus, the importance of improving the quality of dental treatment water is essential, clinically, ethically and financially, to halt spread of disease from DUWL water to humans. Although infection rates in humans are generally minimal [24] , continued preventative measures must be taken to decrease the possibility of contracting disease from contaminated DUWL output water.
Hartmannella vermiformis (now called Vermamoeba vermiformis) dominates the DUWL environment [7] and their initial introduction into this interventional device is likely to come from fresh water supplies used for the reservoir. The same source of water, which may supply domestic and clinical service providing premises, will also have nosocomial pathogens and amoebae prevalent within them [19, 22, 26, 35, 54] , However, Vermamoeba species are also reported to have been isolated from the throat of humans from as long ago as 1967 [55] implying that the high prevalence of V. vermiformis in the DUWL could also come from humans. Although this study reports of one clinical isolate of S. marcescens, it was nevertheless, a serendipitous find, given that the many glassy colonies analysed by sequencing were taken from Legionella selective growth medium plates.
As V. vermiformis is a much more cosmopolitan feeder than many other free living amoebae [56] , this means that there is a greater likelihood of a pathogenic bacterium utilising this taxon of amoeba as an effective means of transport and dispersal in this environment [41] . Previous work on grazing habits of V. vermiformis [15] indicated that small-sized bacteria, from the simulated DUWL biofilm, were favoured as a food source.
Since the molecular identity of the bacterium from DUWL 9 was identified as S. marcescens, which is a typical nosocomial bacterium, considered to be a clinical isolate, its likely survival in the clinical DUWL may have been related to the development of biocide resistance [28, 29] . Since the dental biocide used to treat the DUWL from which the water sample was taken was Alpron TM , its efficacy was tested in the laboratory on the isolated strain of S. marcescens. The results demonstrated that this dental biocide was effective on pure cultures of S. marcescens in the laboratory up to 1x10 8 cfu/ml. In a previous feasibility study [39] , it was found that despite being treated with the same biocide, the planktonic bacterial counts of aerobic mesophilic bacteria were significantly higher in some DUWLs than those set for dentistry by government authorities. Other studies have demonstrated that a consortium of biofilm organisms is capable of surviving antibacterial agents at higher inoculum levels [4, 16, 34] . However, S. marcescens is prone to developing multidrug resistance in the presence of inappropriate concentrations of biocide and antibiotic usage [28, 29] . Our results failed to confirm biocide resistance in S. marcescens under laboratory conditions suggesting the extracellular polymeric matrix environment of the biofilm provided protection from Alpron TM within the DUWL. (Fig. 2a) , E. coli (XL blue) (Fig. 2b) and P. aeruginosa (Fig. 2c) . No bacterial cells were observed within the amoebae or their encysted forms except, for one amoebal cell fed on P. aeruginosa (Fig. 2c, box) An earlier investigation suggested a permissive role of V. vermiformis for P. aeruginosa [12, 13] . P. aeruginosa was the organism responsible for the introduction of control measures in dentistry after reports that it caused serious health problems to patients following dental treatment [27] . This study also explored the likelihood of V. vermiformis supporting the life cycle of P. aeruginosa under laboratory conditions.
The results of this study demonstrated that V. vermiformis, which was fed on E. coli and P. aeruginosa (P = 0.0001), grew to the same extent as it did on the nonpigmented S. marcescens isolated from clinical DUWL water (P = 0.0001). These results agree with those of Singh [50] in which free living amoebae were fed only on a non-pigmented S. marcescens. However, in this investigation, V. vermiformis also fed on P. aeruginosa (P \ 0.05). These results strongly agree with the study conducted by Pickup et al. [40] , but disagree with those of Groscop and Brent [20] who suggested that P. aeruginosa was toxic to an unknown species of the genus Vermamoeba.
Serratia marcescens is a known nosocomial pathogen and can cause a variety of infections in humans including blindness in the susceptible host [18, 21, 53] . The presence of even one isolate of a pathogenic bacterium such as S. marcescens warrants research on understanding its proliferative mechanisms in relation to its existence in the DUWL environment and to inform the future development of disinfection regimes. Since no evidence for bacterial cells within the encysted amoebae was observed by ultrastructure, this suggests that V. vermiformis is not acting as a vector to support the proliferation of the nosocomial pathogen S. marcescens and disagrees with Cateau et al. [12] for P. aeruginosa, although strain differences may apply.
During the past few decades, infection control procedures in dentistry have changed significantly. The basis of dental infection control is to create and maintain a safe clinical environment and to remove, or reduce, the risk of disease transmission as much as possible to patients and dental health care workers. This study confirms that, despite the recommended and appropriate control measures being employed, bacteria such as S. marcescens can still be isolated in the laboratory from clinical DUWL water. Care must be taken to use biocides according to manufacturer's instructions to avoid multidrug resistance taking place. In addition, it is also important to adhere to the regular purging protocols recommended by the manufacturers' of the biocide.
Our investigation confirms that V. vermiformis can actively feed on fresh P. aeruginosa and S. marcescens, both are small-sized bacteria of which the latter was isolated in this study. This is in agreement with the description of an ideal food source for amoebae suggested by Pickup et al. [40] , i.e ease of intake during phagocytosis/ingestion. Since amoebae appear to be genetically programmed to eat bacteria, it is plausible to suggest that V. vermiformis may be able to control bacterial populations by feeding on newly dividing S. marcescens providing a promising outcome for infection control in dental treatment.
Recommendations
• To avoid operator failure, make sure the responsible staff knows the treatment regime of the biocide used for their DUWLs (when to purge and working concentrations for purging and for daily treatment use).
• Keep log of date of purging and how long the DUWL has been exposed to disinfectant.
• Use biocides within their use-by-date.
